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A B S T R A C T   
Redox polymers have been widely used to facilitate and stabilize bioelectrochemical communication between the 
active sites of enzymes and electrodes, enabling development of high-performance enzyme electrodes for sensing, 
provision of power, and in synthesis. This review offers a brief overview of recent efforts in the use of additional 
polymer layers on top of a redox polymer/enzyme layer, which can both improve the performance and expand 
the functionality of the resulting bioelectrodes.   
1. Introduction 
Redox polymers consist of polymer backbones e.g. poly(methacry-
late) (PMA), poly(ethylenimine) (PEI) and poly(vinylimidazole) (PVI), 
and redox mediator containing side chains [1–3] (Fig. 1). A broad range 
of redox mediators including viologens [4], naphthoquinones [5], fer-
rocenes [6], cobaltocenes [7] and Os complexes [8] with a wide spec-
trum of redox potentials have been successfully tethered to polymers. 
Electrical communication between the redox center of the oxidoreduc-
tase and the electrode surface can then be established by mediated 
electron transfer (MET) between the enzyme and the mediator, followed 
by electron hopping along the redox centres in the polymer and ulti-
mately to the electrode itself (Fig. 1) [8]. Redox polymers can also 
immobilize and stabilize enzymes by electrostatic interactions and/or 
cross-linking. The redox polymer/enzyme forms a layer on the electrode 
surface that is permeable to enzyme substrates such as glucose for 
glucose oxidase (GOx) and lactate for lactate oxidase (LOx). Multi- 
layered enzymes, regardless of their orientation, can also be loaded 
and electrically “wired” on the electrode. Redox polymers play an 
important role in the development of enzymatic biosensors [8,9], 
enzymatic biofuel cells (EBFC) [5,6,10,11], biosupercapacitors [12], 
and in bioelectrosynthesis [7]. 
In order to fabricate a biosensor capable of selectively measuring the 
concentration of glucose in a complex matrix such as blood, the first 
biosensor developed by Yellow Springs Instruments (YSI) in the early 
1970s utilized a cellulose acetate layer to eliminate interfering species 
such as ascorbate [13]. A range of studies have subsequently utilised this 
approach [14–16]. The perfluorosulfonic acid polymer Nafion™ film 
was introduced as a coating layer for electrodes in the 1980s [17,18]. 
Ohara et al. in 1994 cast a Nafion film onto a redox polymer/enzyme 
layer to exclude negatively charged interfering species (e.g. ascorbate 
and urate) [19]. Other bi-layered configurations have emerged using 
additional polymer layers which can be either redox active or inactive. 
Redox-active coating polymers can remove O2 to protect fragile hy-
drogenase enzymes from oxygen damage, and new functionalities that 
enable properties such as controlled drug release [20] can be added. In 
this mini-review, we provide an overview of recently introduced poly-
mers for both enhanced performance and added functionality in redox- 
polymer-mediated bioelectrochemistry. 
2. Polymer coating layers for improved bioelectrode 
performance 
2.1. Improved linear bioelectrochemical sensing range and selectivity 
Ohara et al. reported that placing an additional Nafion film on top of 
a redox polymer/LOx or GOx layer [19] led both to a more selective 
sensing response and to improved stability. The latter is due to Nafion 
preserving the integrity of the redox polymer/enzyme film by prevent-
ing detachment from the electrode, a frequently encountered challenge 
especially for drop-cast redox polymer films. Recent broader efforts 
using a pH-sensitive poly(4-styrene sulfonate) co-polymer capping layer 
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over the redox polymer/hydrogenase [21] or formate dehydrogenase 
[22] layer also exhibited a pronounced stabilizing effect. Ohara et al. 
also found that Nafion overcoating introduced mass transport barriers 
for the enzyme’s substrate that decreased the response of the electrode 
but at the same time expanded the linear range of the biosensor, spe-
cifically from 6 to 30 mM glucose for GOx and from 4 to 7 mM lactate for 
LOx [19]. In the light of the recent strong interest in developing wear-
able biosensors [23], for example detecting the concentration of lactate 
which typically presents a concentration higher than 20 mM, sensors 
with a wider linear range for direct measurement are, however, 
required. Most LOx based biosensors show linear ranges below 20 mM 
[24]. A negatively charged poly(acrylic acid) (PAA) coating layer on a 
flat glassy carbon electrode (GCE) with LOx embedded in an Os redox 
polymer can increase the linear range from 7 to 15 mM lactate [25]. 
Moreover, the saturation current density of the biosensor at concentra-
tions above 20 mM is significantly enhanced, which can be explained by 
improved levels of mediator utilization. Such confinement-induced 
performance enhancements at electroactive Os species and saturated 
current density have also been observed for other polymer coatings, 
irrespective of their charges, including negatively charged polystyrene 
sulfonate, positively charged poly(diallyldimethyl-ammonium chlo-
ride), and poly(3,4-ethylenedioxythiophene) (PEDOT). It was also re-
ported that direct mixing of PAA, redox polymer and LOx denatured the 
enzyme given the acidic property of the polymer [25]. Direct contact of 
the enzyme with acidic Nafion also leads to decreased enzyme activity 
[26], an issue that can be resolved by modification of Nafion with hy-
drophobic groups [26,27]. Bi-layer configurations can avoid such direct 
contact. 
Unlike GOx which is exclusively selective to glucose oxidation, class 
II cellobiose dehydrogenase (CDH) from ascomycetes catalyzes the 
oxidation of many sugars, including glucose, lactose and others [28]. To 
improve the selectivity of a CDH based lactose biosensor against glucose 
interference, Lopez and associates developed a bi-enzymatic glucose 
removal system comprised of hydrophilic polymer entrapped GOx and 
catalase (CAT) as the second layer on top of the CDH layer (Fig. 2a) [29]. 
The upper enzyme GOx/CAT cascade created decreased local concen-
tration of both glucose and H2O2, the latter cleaved to H2O and ½O2. 
Such a strategy can be used to circumvent oxygen interference for bio-
sensing [30,31]. The GOx/CAT additional layer can be applied over the 
redox polymer/enzyme layer [4] and expanded to include other flavin 
adenine dinucleotide (FAD) dependent oxidases such as LOx [32]. 
2.2. Examples of protective layers for improved operational stability 
Bilirubin oxidase (BOx), belongs to the class of blue copper enzymes 
and undergoes four-electron dioxygen reduction reaction (ORR) with a 
low overpotential at neutral pH [33]. The presence of urate under 
physiological condition has been identified as a damaging component to 
BOx, because of the formation of a detrimental, so far unidentified urate 
electrooxidation intermediate [34]. Applying an additional cation- 
exchanging Nafion film on top of the Os polymer/BOx shows, howev-
er, that urate is excluded [35,36]. An additional cubic-phase lyotropic 
liquid crystal layer with well-tailored aqueous channels can modulate 
the permeability ratio of urate/O2, protecting BOx both mechanically 
and chemically [37]. Negatively charged ascorbate is also deleterious to 
the activity of BOx biocathodes [38], an effect that can be ameliorated 
by introducing either a Nafion coating to repel ascorbate or an ascorbate 
oxidase layer to consume ascorbate [39]. Bennett and Leech recently 
examined the performance of electrodes comprised of Nafion over- 
coated on a layer of an Os complex modified polymer and glucose de-
hydrogenase (GDH) in artificial blood plasma [40]. The bioelectrode 
with the additional coating showed extended operational stability, that 
could be explained by the exclusion of the damaging urate from contact 
with FAD-GDH [41]. 
Hydrogenases catalyze the reversible hydrogen evolution reaction 
(HER) and dihydrogen oxidation at low overpotentials [42], and hold 
promise as Pt-free catalysts. [NiFe] hydrogenases are particularly effi-
cient in the oxidation of dihydrogen for use in H2/O2 EBFCs, but are 
vulnerable to deactivation by O2. When a cell is operating at high po-
tentials, O2 induces the formation of various oxidized inactive states in 
the [NiFe] active site [43], leading to poor operational stability under 
aerobic conditions. A “redox hydrogel shield” concept was proposed by 
Plumeré et al. (Fig. 2b) [44]. To protect the fragile Desulfovibrio vulgaris 
[NiFe] hydrogenase from O2 damage, a viologen modified redox poly-
mer with a low redox potential was designed and employed to scavenge 
O2 at the electrode surface [44]. The redox polymer also served as a 
Nernstian buffer system to circumvent high-potential deactivation. This 
“shield” was successful in protecting [FeFe] [45] and [NiFeSe] [46] 
hydrogenases from excessive oxidative stress. While the protective layer 
used in this study was thick, over 100 μm, a recent report shows that full 
Fig. 1. Top row: Commonly used redox mediators and polymers listed in the potential spectrum. Bottom row: Schematic drawing of MET mechanism for the widely 
studied enzyme, glucose oxidase; Not drawn to scale. 
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protection can be achieved using a thin (3 μm) homogeneous film [47]. 
Partial oxygen reduction by the low-redox-potential polymer, however, 
generates byproducts such as superoxide and hydrogen peroxide which 
can pose additional detrimental effects [48]. The addition of iodide to 
the electrolyte can suppress the formation of hydrogen peroxide [49]. 
An EBFC with an additional GOx/CAT layer on top of the hydrogenase 
anode, with generated hydrogen peroxide immediately scavenged, was 
subsequently investigated (Fig. 2c) [4]. The bi-layer architecture of the 
bioanode was comprised of a viologen modified low-potential polymer/ 
[NiFeSe] hydrogenase and a bi-enzymatic oxygen removal system con-
sisting of GOx/CAT in the top layer. Coupled with a GOx/horseradish 
peroxidase (HRP) biocathode, a hydrogen/glucose EBFC was produced 
with an open-circuit voltage (OCV) of 1.15 V. 
3. Polymer coating layers with additional functions 
EBFCs can be utilised to provide power for bioelectronics devices, 
facilitating their miniaturization and avoiding the need for external 
instrumentation [50]. The output power of these EBFCs is also typically 
designed to be limited by the fuel-oxidizing bioanodes. Self-powered 
biosensors rely on a linear correlation between the OCV or power 
output of the EBFC and the concentration of analyte [51]. The analyte 
can: i) act as a fuel for the EBFC, ii) inhibit the enzyme activity, or iii) 
reduce the output the EBFC performance due to biorecognition events. 
The output of the EBFC is usually proportional or monotonously related 
to the concentration of the analyte concentration in type i), with the 
opposite trend in types ii) and iii). An interesting example of type iii) is a 
competitive self-powered immunosensor for sensing sulfonamide anti-
biotic residues in milk [52]. The EBFC based sensor was composed of a 
CDH based anode and an antibody modified cathode. A fixed 
concentration of the enzyme-labeled analog sulfapyridine-horseradish 
peroxidase (SPY-HRP) was immobilized onto the cathode by the cap-
ture antibody, permitting current flow in the EBFC in the presence of 
H2O2 and a redox mediator, 2,2′-azino-bis(3-ethylbenzothiazoline-6- 
sulfonic acid) diammonium salt (ABTS). The target analyte, sulfonamide 
antibiotics, competed with SPY-HRP to be captured on the cathode, thus 
decreasing the power output of the EBFC. Critical issues entail securing 
the selectivity of such biosensors and constructing a more complex 
bioelectrode with an additional biorecognition unit. The exclusive bio-
sensing unit can be incorporated as an additional layer [53]. Another bi- 
layered example is a self-powered cholesterol biosensor [54], where a 
second nicotinamide adenine dinucleotide (NAD) dependent cholesterol 
dehydrogenase (ChDH) layer was deposited over a ferrocene redox 
polymer/diaphorase (DH) inner layer, enabling continuous oxidation of 
cholesterol. 
Self-powered drug-delivery systems based on EBFCs are now 
emerging [55], prompted by increasing interest in such devices for 
clinical applications. Conductive polymers (CPs) with embedded drug 
molecules as dopant ions are typically used, allowing drug release when 
the CP layer is reduced and the dopant is expelled from the polymer. A 
compact self-powered drug-delivery system based on an additional CP- 
drug layer on the Os redox polymer/BOx biocathode was described 
[20]. When the anode was combined with a GOx bioanode, discharge of 
the glucose/O2 EBFC rapidly released model drug compounds incorpo-
rated in the CP layer (Fig. 3). This approach eliminates the need for 
external power sources. The release of three compounds was addressed. 
The anionic species, ibuprofen and fluorescein, and the cationic fluo-
rophore, 4′,6-diamidino-2-phenylindole (DAPI) were doped into 
PEDOT, polypyrrole (PPy) and p-toluenesulfonate doped PPy, respec-
tively and subsequently released in a controlled manner. In following 
Fig. 2. Schematic drawings of (a) a lactose biosensor with an outer bi-enzymatic glucose removal layer [29], (b) a viologen-modified polymer for protecting inner 
hydrogenase from O2 damage [44], and (c) a H2/O2 EBFC with a bi-enzymatic oxygen removal system on the hydrogenase bioanode [4]. 
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work, the antibiotic ampicillin was released from an additional PEDOT 
layer on a glucose/O2 EBFC [56]. Such an antimicrobial EBFC could be 
used to address microbial infection for medical implant devices and to 
aid healing of skin wounds. 
4. Conclusions and perspectives 
We have reviewed recently reported efforts that describe how the 
deposition of an additional polymer layer onto a redox polymer/enzyme 
layer on an electrode surface can improve the overall performance of the 
bioelectrode, although with reductions in the net current density 
[19,40]. The capping layer can improve the mechanical stability of the 
redox polymer at the inorganic electrode surface. In acting as a diffusion 
barrier, the coating layer can also expand the linear analytical detection 
range, increasing the apparent KM of the enzyme and avoiding sample 
dilution steps. The additional coating thus improves the stability of the 
biosensor, which results in improved sensor-to-sensor reproducibility. 
On the other hand, the additional coating makes the electrode modifi-
cation more complex, which can reduce the reproducibility of the 
sensor. Suitable compromising is obviously needed. The selectivity of 
enzymatic biosensors can be enhanced by the over-coated layer either by 
electrostatic repulsion or by biochemically removing interfering species. 
As examples, urate and O2 sensitive enzymes can be protected either by 
redox active polymer or by biochemically active coatings. Controlled 
drug release can be performed when using additional polymer layers to 
incorporate the drug. This could well enlarge the scope of EBFC to 
pharmaceutical applications. Polymer coatings such as 2-methacryloy-
loxyethyl phosphorylcholine can further be adapted for implantable 
bioelectrodes, for example to avoid blood clotting [57]. 
A recent work aimed at introducing hydrophobic polytetrafluoro-
ethylene (PTFE) submicron-rods which bind substantial amounts of 
molecular dioxygen, to enhance the local oxygen supply to Os redox 
polymer mediated BOx bioelectrodes [58]. Although a PTFE capping 
layer greatly improved the operational stability of the biocathode, no 
obvious improvement was observed for the limiting ORR current den-
sity. In comparison, mixing PTFE with the redox polymer/BOx led to 
enhanced current density for ORR, which is likely due to the close 
proximity between BOx and PTFE in this configuration. 
It should be noted that the use of redox polymers as mediators is not 
optimised [59], in many instances tuning of the film thickness and the 
ratio of enzyme to mediator is requried to improve the fraction of 
electroactive mediator among all the immobilized species. Rational 
design of redox polymers still remains as one of the crucial challenges in 
the application of mediated bioelectrodes. Various film characterization 
techniques, including quartz crystal microbalance, scanning probe mi-
croscopy, ellipsometry, and confocal microscopy need to be employed to 
give full details of the coating film. Further, introducing additional 
polymer layers may obliterate nanotextured surfaces, an issue that needs 
to be addressed. Last but not least, new types of coatings such as metal 
organic frameworks (MOFs) and covalent organic frameworks (COFs), 
although requiring further elaborate design, hold considerable potential 
to achieve versatile functions. 
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